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differentzoms of flie ^» are provided. The signals from the canierpjnonietBrs ate compared to provide an indication of temper- 
anire non-umformlty. TTiis Indication is used in a separate feedback loop (149. 124. 122) to adjust other heating elements so iio 
maintain temperature uniformity across the cairier. 
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APPARATUS AND METHOD FOR CONTROLLING 
TEMPERATURE UNIFORMITY OF SUBSTRATES 

FIELD OF THE INVENTION 

The present: invention relates to measurement and control of 
substrate temperature. More particularly, the present invention 
relates to an apparatus and method for controlling the temperature 
uniformity of a substrate during deposition of a coating thereon. 
BACKGROUND OF THE INVENTION 

Various industries employ processes to form a thin layer or 
film on a solid substrate. For example, the production of 
semiconductor devices utilizes chemical vapor deposition and other 
deposition techniques to deposit a variety of materials on a 
substrate- During production of semiconductor devices, heated 
substrates, such as planar silicon or gallium arsenide wafers or 
other suitable materials, are exposed to gases which react to 
deposit the desired materials on the surface of the wafer. 
Typically, the deposited materials form epitaxial films which 
replicate the crystal lattice structure of the underlying wafer. 

These coated wafers are then subjected to well Icnown further 
processes to form semiconductor devices such as lasers, 
transistors, light emitting diodes, and a variety of other devices. 
For example, in the production of light emitting diodes, the layers 
deposited on the wafer form the active elements of the diodes. The 
thickness, con^osition and quality of the deposited layers 
determine the characteristics of the resulting sezcd. conduct or 
devices. Accordingly, the deposition process must be capable of 
depositing films of uniform composition and thickness on the front 
face of each wafer. The requirements for uniformity have become 
progressively more stringent with the use of larger diameter wafers 
and with the use of apparatus which deposits coatings on several 
wafers sdLmultaneously . 

In a typical prior art deposition apparatus illustrated in 
Figure 1, a wafer 10 is mounted in a wafer carrier 12 which, in 
turn, is motmted on a susceptor 14. The susceptor 14 may be 
mounted on a rotating support spindle 16, which enables rotation of 
the wafer carrier. The susceptor 14, the wafer carrier 12 and the 
wafer 10 typically are located in an enclosed process reactor 18. 
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A heating assembly 20 symmetrically arranged below susceptor 14 
heats the susceptor, which thus results in the heating of wafer 
carrier 12 and wafer 10 mounted thereon. Rotation of the carrier 
12 is intended to enhance the temperature uniformity across the 
5 deposition area, as well as the uniformity of the source material 
gases or vapors flowing over the deposition area. As is known in 
the art, reactants are introduced into the reaction chamber and a 
film is deposited on the surface of the wafer. 

Conventional wafer carriers, such as wafer carrier 12 shown in 
10 Figure 2, include multiple cylindrical pockets 22 on their upper 
surface for holding the wafers in place as the wafer carrier is 
rotated during the deposition process. These wafer carriers 
ordinarily also include an annular flange 24 which is used for 
lifting and transporting the wafer carrier into and out from the 
15 reaction chamber. On their bottom surface, the wafer carriers may 
include an annular wall 26 for locating and holding the wafer 
carrier concentrically on the susceptor as the asseinbly is rotated 
during the deposition process, and for creating a gap 28 between 
the upper surface of the susceptor and the lower surface of the 
20 wafer carrier, which gap eliminates localized heating of the wafer 
carrier resulting from points of contact between the wafer carrier 
and the susceptor, and thus enhances the xaniform transfer of heat 
from the susceptor to the wafer carrier. 

It is important that the temperature of the wafer is 
25 accurately measured and controlled in a manner that is repeatable, 
precise and independent of process conditions. It is also important 
to maintain a uniform temperature over the surface of the wafers 
being processed, and across the surface of each wafer. Deviation 
from target process temperatures and wafer temperature non- 
30 uniformity of only a few degrees centigrade may result in defects 
in the devices fabricated from the wafers and rejection of the 
finished product. The temperature of the wafer surface during 
processing is typically measured using a pyrometer. A pyrometer is 
a non-contact measurement device that detects radiation emitted 
35 from a surface. 

The accuracy of temperature measurement by a pyrometer is 
highly dependent on surface optical properties, particularly 
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eioissivity of the body being measured. Emissivity is a parameter 
that compares radiation from an actual surface versus the radiation 
from a ''black body'' or ideal radiating body at the same 
temperature. Pyrometers are calibrated using a black body 
radiation source. Emissivity values of semiconductor wafers depend 
on the materials deposited on the semiconductor wafer, substrate 
doping, surface roughness, and wafer temperature. Emissivity also 
depends on the thickness of the film grown on the surface of the 
wafer, and this emissivity value changes during the deposition 
process. Accordingly, measurement of semiconductor wafer 

temperature desirably involves the use of emissivity compensated 
pyrometers, which are designed to overcome the measurement error 
caused by wafer emissivity variations. 

A need exists for a system which provides a more uniform 
15 temperature distribution across the surface of the wafers, such 
that a more laniform coating can be deposited across the entire 
surface of each wafer. 
SUMMARY OF INVENTION 

The present invention provides a method and apparatus for 
20 controlled heating of a substrate. One aspect of the invention 
includes an apparatus for heating a substrate in a chemical vapor 
deposition reaction chamber. The apparatus includes a carrier for 
holding at least one substrate in the reaction chamber, and the 
carrier includes a first zone and a second zone. The carrier 
25 typically has a central axis, and the first and second zone are 
simply regions of the carrier disposed at different radial 
distances from the central axis. A rotational drive may be 
provided for rotating the carrier about the central axis. 

The apparatus also desirably Includes first and second heating 
30 elements arranged to heat the carrier and the at least one 
substrate. The first heating element is preferably arranged to 
heat the first zone preferentially, i.e., to apply heat principally 
to the first zone of the carrier. The apparatus preferably further 
includes at least one substrate pyrometer directed at a substrate 
35 surface for measuring a process temperature. The substrate 
pyrometers desirably are emissivity-coir?>ensated pyrometers so that 
the process temperature measurement represents substrate 
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temperature, independent of substrate emissivity. The apparatus 
desirably further includes at least two carrier pyrometers, each 
such carrier pyrometer ' being associated with one zone of the 
carrier surface. The at least two carrier pyrometers preferably 
5 are non-emissivity compensated pyrometers. Each carrier pyrometer 
is operative to provide a zone signal representing radiation from 
the associated zone of the carrier. 

Most preferably, the apparatus includes a first cotcparator 
connected to the first and second carrier pyrometers- The first 

10 comparator is arranged to provide a first difference signal 
representing the difference between the first and second zone 
signals. Most preferably, one or more controllers are constructed 
and arranged to control the operation of the second heating element 
based at least in part on the process ten5>erature . The controllers 

15 also may control the operation of the first heating element based 
at least in part upon the first difference signal. 

Most preferably, the one or more controllers provide separate 
feedback loops so that the second heating element is controlled 
based upon the process temperature without reference to the 

20 difference signal, whereas the first heating element is controlled 
based upon the difference signal without reference to the process 
temperature. The emissivity of the carrier surface is unknown and 
typically changes during the process. Because the carrier surface 
typically has diffuse reflectivity, an emissivity-compensated 

25 pyrometer cannot be used to correct for emissivity of the carrier. 
Thus, the zone signals from the carrier pyrometers do not normally 
provide accurate measurements of the carrier temperature. However, 
because the emissivity of the carrier surface normally is the same 
in both zones of the carrier, the difference signal provided by the 

30 comparator represents the difference in temperature between the two 
zones. By minimizing the difference signal, the system assures 
temperature uniformity across both zones of the carrier, which in 
turn enhances temperature laniformity of the substrates. 

More than two zones can be used. For example, the first zone 

35 may be disposed radially inward of the second zone, and the carrier 
may have a third zone disposed radially outward of, the second zone. 
The apparatus may include a third carrier pyrometer operative to 
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provide a third zone signal which represents radiation from the 
third zone of the carrier. A second comparator may be arranged to 
provide a second difference signal representing a difference 
between the second and third zone signals. The one or more 
5 controllers are operative to control the third heating element 
based at least in part on the second difference signal. 

Another aspect of the invention includes a method of 
controlling the ten^erature of a siibstrate in a chemical vapor 
deposition apparatus- The method according to this aspect of the 

10 invention desirably includes providing a carrier for supporting the 
substrate in the chemical vapor deposition apparatus. At least one 
heating element is used to heat the substrate and the carrier to a 
process setpoint. According to one aspect of the invention, the 
temperature of the substrate is measured, preferably using an 

15 emissivity compensated pyrometer. Indications of a parameter 
related to carrier ten^erature are obtained from at least two zones 
on the carrier. For exan5>le, the indications of such parameter may 
represent radiation intensity from the two zones, measured by non- 
emissivity conqpensated parameters. The indications of such 

20 parameter in the at least two zones are then compared with one 
another to obtain a difference signal which is related to the 
difference in ten^erature between the two zones. Heat transfer to 
at least one of the zones of the carrier is adjusted^ as, for 
example by adjusting power input to one or more heating elements, 

25 until the difference signal reaches a preselected level. 
Typically, this preselected level is substantially equal to zero, 
so that the two zones will settle at the same teit?>erature . 

Additional features and advantages of the invention will be 
set forth in the description which follows. It is to be understood 

30 that both the ' foregoing general description and the following 
detailed description are exemplary and are intended to provide 
further explanation of the invention as claimed. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic front cross^sectional view of a coating 

35 apparatus of the prior art; 

FIG. 2 is a schematic front cross-sectional view of a wafer 
carrier of the prior art showing wafers mounted therein, a 
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susceptor, a support spindle used to support the susceptor and a 
conventional heating arrangement for heating the susceptor; 

FIG. 3 is a schematic and front cross-sectional view of one 
embodiment of the apparatus of the present invention; 
5 FIG. 4 is a top plan view of a wafer carrier used in the 

embodiment of FIG. 1; and 

FIG. 5 is a graphical representation of experimentally 
obtained data showing the relationship between wafer temperature 
uniformity and carrier temperature uniformity. 

10 DETAILED DESCRIPTION 

Reference will now be made in detail to the present preferred 
embodiment of the invention, an example of which is illustrated in 
the accompanying drawings. One preferred embodiment of the 
apparatus of the present invention is shown in FIG. 3. As 

15 illustrated, a substrate carrier 110 is positioned in an assembled 
relationship on a susceptor 112, which is mounted on a spindle 114 
for rotation around a central axis 115. 

The substrate carrier 110 may be formed from a refractory 
material, such ^a, for example, molybdenum, graphite, or silicon- 

20 carbide coated graphite, in the form of a generally disc-shaped 
body having an upper surface 150 and a lower surface 152. Upper 
surface 150 generally extends in a plane and includes a plurality 
of cylindrical cavities or pockets 154 , each of which is sized to 
receive substrates 160. Referring now to FIG. 4, substrate carrier 

25 110 is shown to include sixteen cavities or pockets 154, which hold 
sixteen substrates 160, which may be, for exan5>le, semiconductor 
wafers. Pockets 154 are disposed in an inner ring of four pockets 
154a adjacent axis 115 and an outer ring of ten pockets 154b 
encircling the inner ring. It will be understood, however, that 

3 0 the carrier may be designed to hold as few as one and as many as 
forty or more substrates . 

A first heating element 120 is disposed beneath a first or 
radially inner zone 121 of the carrier so that heat from the first 
heating element -is preferentially directed to the inner zone of the 

35 carrier. That is, heat applied by inner heating element 120 is 
concentrated in inner zone 121 of the carrier, although heat 
emitted by the inner heating element will also influence the 
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temperature of other zones of the carrier to some extent. A second 
or middle heating element 130 ±3 disposed beneath a second or 
middle zone 131 radially outitfard of zone 121, so that element 130 
preferentially heats the middle zone. Similarly, a third or outer 
5 heating element 140 is disposed preferably beneath a third or outer 
zone 141 of the carrier, radially outward of zone 131, so that 
heating element 140 preferentially heats the outer zone. 

Heating elements 120, 130 and 140 preferably are symmetrical 
about axis 115. ' The heating elements may be conventional resistive 

10 electric heating devices. The middle heating element 130 desirably 
is more powerful than the other heating elements. Also, the radial 
span ra of the middle heating element desirably is greater than the 
corresponding dimension of the other heating elements. Heating 
element 120 is connected to a first or inner power supply 122, 

15 which in turn is connected to a first or inner controller 124 so 
that controller 124 can regulate the power applied by power supply 
122 and thus regulate the heat emitted by element 120- Similarly, 
heating element 130 is connected to a second or middle power supply 
132 which in turn is connected to a second or middle controller 

20. 134. Outer heating element 140 is connected to a third or outer 
power supply 142, which in turn is connected to a third or outer 
controller 144. 

The apparatus further includes a first or inner carrier 
pyrometer 126, a second or middle carrier pyrometer 136 and a third 

25 or outer carrier pyrometer 146. The carrier pyrometers are non- 
emissivity compensated pyrometers. Thus, each carrier pyrometer 
provides a signal which represents radiation impinging on that 
pyrometer. Carrier pyrometer 126 is arranged to receive radiation 
from a focal spot 150a at a fixed location relative to the reaction 

30 chamber. The focal spot falls on the upper surface 150 of carrier 
110, within the first or inner zone 121 of the carrier. As best 
appreciated with reference to Fig. 4, rotation of carrier 110 about 
axis 115 will cause the focal spot 15Qa to sweep along a path 153a 
on the upper surface of the carrier, within inner zone 121. Path 

35 153a is concentric with cucis 115, and lies inside of the inner ring 
of pockets 150a. Thus, regardless of the rotational position of 
the carrier, focal spot 150a will always fall on the carrier top 
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surface, and not on a substrate contained within a pocket. Thus, 
the inner carrier pyrometer 126 provides a signal, referred to 
herein as the first or inner zone signal, which represents 
radiation emitted from the upper surface 150 of the carrier within 

the inner zone 121. 

The second or middle carrier pyrometer 136 receives radiation 
from a focal spot 150b which sweeps along a path 153b in the middle 
zone 131, between the inner ring of pockets 154a and the outer ring 
of pockets 154b. Thus, the second pyrometer 136 provides a second 
• zone signal representing radiation emitted by the upper surface of 
the carrier in the second or middle zone 131. In the same way, the 
third or outer pyrometer 146 detects radiation from a focal spot 
150c which sweeps along the outer surface in the third or outer 
zone 141, outboard of the outer pockets 154b. Thus, pyrometer 146 
provides a third zone signal representing radiation emitted by the 
third or outer zone of the carrier. 

The zone signals provided by carrier pyrometers 126, 136 and 
146 do not accurately represent the actual temperature of the 
carrier in the various zones. The radiation from each zone of the 
carrier is a function of the emissivity of the carrier surface, as 
well as the temperature. The carrier is made from a material 
having an unknown emissivity, which changes over each use of the 
deposition apparatus due to the fact that various materials may be 
deposited on the carrier surface. Moreover, the emissivity of the 
carrier surface varies with temperature. However, the relationship 
between emissivity and temperature of the carrier will be 
substantially the same over the entire upper surface of the 
carrier! Thus, if two locations on the carrier surface are 
emitting radiation at the same intensity, they are at the same 
temperature. Moreover, intensity of the emitted radiation varies 
monotonically with temperature, at least within the range of 
teii«>eratures used in chemical vapor deposition. Thus, if a first 
part of the carrier surface is emitting radiation at a higher 
intensity than a second part of the surface, the first part is at a 
higher temperature. Therefore, while the zone signals provided by 
the carrier pyrometers do not provide absolute temperature 
measurements for the various zones, these signals constitute 
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indications of a parameter — radiation from the carrier surface — 
which is related to temperature. 

The signal outputs of the first or inner carrier pyrometer 126 
and the second - or middle carrier pyrometer 136 are connected to 
5 input connections of a first comparator 149 which provides a first 
difference signal at its output. This first difference signal 
represents the difference between the first zone signal from 
con^arator 126 and the second zone signal from pyrometer 136. The 
magnitude of the first difference signal is proportional to the 

10 magnitude of the difference between the zone signals, whereas the 
sign of the first difference signal indicates which zone signal is 
higher. The output of first con^arator 149 is connected to first 
or inner controller 124^ so that the first difference signal will 
be provided to the first controller. The signal outputs of the 

15 • second or: middle carrier pyrometer 136 and the third or outer 
carrier pyrometer 146 are connected to input connections of a 
second con?)arator 148 so that the second comparator will provide a 
second difference signal representing the difference between the 
third or outer 'zone signal from pyrometer 14 6 and the second or 

20 middle zone signal from pyrometer 136. The output of the second 
comparator is connected to an input of the third or outer 
controller 144. 

The apparatus also includes two substrate pyrometers 138 and 
139^ which are emissivity compensated pyrometers. The term 

25 ^^emissivity compensated pyrometer'' refers to a conventional 
instrument which is arranged to measure radiation from a body and 
which is also arranged to measure a parameter of the body which is 
related to the emissivity of the body so that the instrument 
provides a signal representing the temperature of the body with 

30 good accuracy regardless of variations in the emissivity of the 
body. For example, an emissivity-compensated pyrometer may include 
a radiation-emitting element such as a laser aimed at the body to 
be measured and a detector for determining the proportion of 
radiation from * the laser which is reflected by the body, in 

35 addition to conventional elements for measuring radiation emitted 
by the body. Typical emi5slvity-can5>ensated pyrometers only 
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provide accurate temperature readings for bodies having specular 
reflectivity. 

Substrate pyrometer 138 is arranged to monitor the temperature 
at a spot 133a. As the carrier rotates about axis 115, this spot 
5 sweeps across the upper surface of carrier 110, along a path 135a 
which intercepts pockets 154a- Thus, while spot 133a is aligned 
with a pocket as shown in Fig. 4, the pyrometer measures the 
temperature of .the substrate 160 disposed in the pocket. The 
substrates generally have surfaces with specular reflectivity, and 

10 the emissivity and temperature of the substrate surface can be 
accurately measured. At other rotational positions of the carrier, 
spot 133a is aligned with the surface of the carrier itself between 
pockets. Because the carrier surface has diffuse reflectivity, 
pyrometer 138 does not accurately measure the temperature of the 

15 carrier surface. Preferably, pyrometer 138 is temporarily disabled 
in these rotational positions, so that it provides a signal which 
represents only the temperature of the substrates 160. For 
example, the apparatus may include devices (not shown) which detect 
the rotational position of the carrier and/or spindle 114 and 

20 momentarily interrupt signal output from the pyrometer at those 
rotational positions where spot 133a is aligned with a location 
between pockets 154a. 

The other substrate pyrometer 139 measures the temperature at 
a spot 133b which sweeps along a path 135b intercepting pockets 

25 154b. Pyrometer 139 operates in the same way as pyrometer 138, but 
provides a signal representing the ten^erature of substrates 160 
contained in pockets 154b. 

The substrate pyrometers 138 and 139 are connected to a signal 
processing circuit 159 which is arranged to average the signals 

30 from these pyrometers to provide a signal representing the average 
substrate ten^erature. The average substrate temperature is also 
referred to as the process temperature. The output of signal 
processing circuit 159 is connected to an input of the second or 
middle controller 134 . 

35 In operation, in a method according to one enibodiment of the 

invention, the wafer carrier 110 is loaded with substrates 160. 
The second or middle controller 134 congoares the average substrate 
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temperature or process temperature communicated by signal 
processing circuit 159 to a setpoint to derive an error signal, and 
provide a correction signal to the second or middle power supply, 
132. The transfer function of the controller desirably is a 
proportional-integral-derivative or ^^PID" control function, in 
which "the correction signal is a cooposite of a term proportional 
to the error signal, a term proportional to the integral of the 
error signal over tlzne and a term proportional to the first 
derivative of the error signal. Thus, the middle controller 134 
adjusts the power applied by the middle power supply 132 if there 
is a difference between the process setpoint and the average 
process temi>erature . For example, if the process temperature is 
below the setpoint, the controller 134 will signal the power supply 
132 to increase the power to the middle heating element 130 until 
the process temperature is approximately equal to the process 
setpoint. 

The third or outer controller 144 cougar es the second 
difference signal from comparator 148 to a preselected level 
representing the desired difference signal* Normally, where it is 
desired to maintain the third or outer zone 131 of the carrier at 
the Scone temperature as the second or middle zone 121, this 
preselected level is zero. The third or outer controller provides 
a control signal, desirably using a PID transfer function similar 
to that discussed above. This control signal causes the third or 
outer power supply 142 to increase or decrease power to the outer 
heating element 140. 

For example, if the sign of the second difference signal from 
comparator 148 indicates that the outer carrier pyrometer 146 is 
detecting more radiation than the middle carrier pyrometer 136, and 
thus indicates that the third or outer zone 141 of the carrier is 
hotter than the second or middle zone, the third or outer 
controller 144 will signal the outer power supply 142 to decrease 
the power output to the outer heating element 140 until the 
difference signal reaches the preselected level. Assvuning that the 
preselected level is zero, reaching this level indicates that the 
zone signals from the second or middle carrier pyrometer 136 and 
from the third or outer carrier pyrometer 146 are substantially 
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equivalent, and hence indicates that zones 131 and 141 of the 
carrier are at the same temperature. Of course, if the difference 
signal from comparator 148 initially indicates that the third or 
outer pyrometer 146 is detecting less radiation than the second or 
5 middle pyrometer 136, controller 144 will signal power supply 142 
to increase the power applied to the third or outer heating element 
142, thereby increasing heat transfer to zone 141. 

The first or inner controller 124 works in substantially the 
same way as the third or outer controller 144, except that 

10 controller 124 is responsive to the first difference signal from 
comparator 149, and controls power supply 122 so as to control heat 
generation by the first or inner heating element 120 and thus 
control heat transfer to the first or inner zone 121. Thus, the 
controller 124 compares the first difference signal from comparator 

15 149 with a preselected level, typically zero, generates an error 
signal based on such con^>arison and generates a control signal 
based on that error signal, desirably using a PID transfer function 
as discussed above. The control signal is applied to the first or 
inner power supply 122. If the zone signals from the middle 

20 carrier pyrometer 136 and inner carrier pyrometer 12 6 are 
different, the first difference signal from comparator 14 9 will 
cause the inner controller 124 to vary the power supplied to the 
inner heating element 120 .until the difference between the zone 
signals from the inner carrier pyrometer 126 and middle carrier 

25 pyrometer 136 is reduced to the preselected level, typically zero, 
indicating that both of these pyrometers are receiving 
substantially equal radiation and hence that the ten5)erature of the 
first or inner zone is substantially equivalent to the temperature 
of the second "or outer zone. As used herein, substantially 

30 equivalent means that the difference in radiation between the two 
locations on the substrate surface is less than about 2%, 
preferably less than about 1%, and most preferably less than about 
0.5%. 

The apparatus and method described above thus provide precise 
35 regulation of the actual substrate {wafer) ten^jerature by direct 
measurement of the substrate temperature itself using the 
emissivity-compensated substrate pyrometers, and maintains 
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ten^erature uniformity across the carrier using measurements of 
radiation from the carrier, despite the fact that the carrier has a 
diffuse surface which makes it iir4>ractical to obtain emissivity- 
compensated measurements and hence makes it. impractical to obtain 
5 accurate temperature measurements of the carrier. 

Experimentation has indicated that by maintaining the 
tenperature of the carrier substantially unifoam across the radius 
of the carrier while maintaining the process temperature results in 
greater temperature uniformity across the surface of the substrate. 

10 Figure 5 is a graphical representation showing the relation 

between wafer and carrier temperature uniformities. The Y-axis 
represents tenqperature in degrees centigrade and the X-axis 
represents the radial distance across the surface of a substrate in 
arbitrary units. Experimentation has shown that when the outer 

15 carrier pyrometer reading is higher than the inner pyrometer 
reading, as shown by the upper curve in Figure 5, the ten^erature 
across the surface of the wafer can vary by more than 7.5**C. When 
the temperature of the carrier is adjusted according to the 
preferred embodiment of the present invention, such that the 

20 temperature indication from the inner carrier pyrometer is equal to 
the temperature indication from the outer carrier pyrometer, the 
temperature difference across the surface of the wafer is less than 
about 5**C. 

It will be understood that the present invention is not 
25 limited to a specific number or arrangement of pyrometers, heating 
elements, power supplies, comparators or controllers as shown and 
described herein. Merely by way of example, more than three 
carrier pyrometers can be used to derive more than two difference 
signals. Conversely, the inner heating element 120 or the outer 
30 heating element 140 can be omitted, along with the carrier 
pyrometer, comparator, controller and power supply associated with 
the omitted heating element to provide a system with only two 
heating elements. In such a system, the middle heating element 130 
is used to heat the zone of the carrier associated with the omitted 
35 heating element, and hence the carrier would have only two 
separately-controllable zones. In a further variant, the second or 
middle heating element in the embodiment discussed above is 
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arranged to heat siabstantially the entire carrier nonselectively/ 
30 that this element substantially heats the first zone 121 and 
third zone 141 as well as the second zone 131. In this 
arrangement, the first heating element 120 and third heating 
element 140 provide additional, incremental heat localized to the 
first and third zones 121 and 141 to overcome additional heat 
losses incurred in these zones. 

The comparators 148, 149, processor 159, and controllers 124, 
134 and 144 are shovm as fvinctional blocks for the purposes of 
clarity. Those skilled in the art will understand that these 
elements may be Inqplemented separately or they may be integrated 
with one another. For example, signal processing elements such as 
comparators and controllers may be implemented within a computer 
having a general-purpose processor and appropriate software 
instructions, analog- to-digital converters and digital-to-analog 
converters. Also, the functions of several carrier pyrometers can 
be implemented in a single instrument having one radiation-sensing 
element and having a moving mirror or other optical arrangement for 
moving the focal location of the instrument so that the instrument 
will detect radiation from different locations at different times. 
In this case, the device may include a sample-and-hold circuit or 
digital memory for holding a value representing one zone signal or 
radiation from one focal spot while the instrument is monitoring 
radiation from another focal spot to derive emother zone signal. 
Similarly, the functions of the two substrate pyrometers can be 
integrated in a single instrument. In a further, less preferred 
var±ant, only one substrate pyrometer is used to obtain only one 
substrate temperature from a single focal spot, and this single 
substrate temperature is used as the process temperature. 

In the preferred embodiment discussed above with reference to 
Figs. 1-4, the second or middle heater is controlled solely with 
reference to the process temperature or average substrate 
temperature, whereas the first and third (inner and outer) heating 
elements are controlled solely with reference to the difference 
signals, by feedback loops entirely separate from the feedback loop 
used to control the second or middle heating element. However, in 
a variant of this approach, the feedback loops to some or all of 
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the heaters can be based in part on the difference signals and in 
part on the process temperature , For example, the controller may 
be arrcmged to react to a situation where the first or inner zone 
is hotter than the second or middle zone, but the desired process 
temperature is low, by increasing power to both the first and 
second heating elements, but increasing the power to the first 
heating element less than the power to the second heating element. 
One arrangement which would accomplish this is to derive the 
control signal for the first power supply 122 by multiplying the 
control signal applied by the second controller 134 (responsive to 
the process temperature) by the sum of 1 plus the control signal 
applied by the first controller 124. Such complexity, however, 
typically is not required. 

Alternative means can be utilized to regulate heat transfer to 
a particular zone of the carrier and thus increase or decrease the 
temperature of such zone. For example, the temperature of a zone 
can be increased by maintaining the power of the heating element 
associated with that zone and moving the heating element closer to 
the carrier. Similarly, the temperature of a zone can be decreased 
by increasing the distance between the zone of the carrier and the 
heating element. In another embodiment, the heating element 
associated with a particular zone can be provided as a plurality of 
smaller heating elements . The temperature of a zone can be 
increased by supplying power to more of the smaller heating 
elements associaited with that zone, or decreased by providing power 
to fewer elements associated with a particular zone. In another 
embodiment, heating and cooling elements can be used in combination 
to heat and cool zones of the carrier responsive to control signals 
as discussed above. In still another embodiment, combinations of 
each of these heating and cooldLng arrangements can be used to 
increase or decrease the temperature of the particular carrier 
zones • 

The invention can be applied with carriers other than the 
disc-like carrier discussed above. In one example, a generally 
cylindrical, drum-like carrier is rotatable about its central axis 
and has wafers carried on the circumferential cylindrical surface. 
The carrier may include multiple zones spaced axially rather than 
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radially, and the heating elements and carrier pyrometers may be 
arranged accordingly. 

The first and third controllers 149 and 148 discussed above 
conipare the difference signals to a preselected level to derive an 
5 error signal. If the pyrometers all have the same properties, and 
if the comparators do not introduce any offset into the difference 
signals, setting this preselected level to zero will produce the 
most uniform temperature across the various zones of the carrier. 
However, if the pyrometers differ from one another or if the 

10 comparators introduce some offset into the difference signal, a 
non-zero difference signal will represent the most uniform 
temperature distribution. Thus, the preselected levels used by 
these comparators may be set to non-zero values which may be the 
same or different to maintain a uniform temperature distribution. 

15 Also, the preselected levels used by these comparators can be set 
to values other than zero to deliberately produce non-uniform 
temperatures in different zones of the carrier. 

In the preferred embodiments discussed above, radiation 
Intensity from the carrier is measured as a parameter which is 

20 related to tenyperature . The spectral composition of radiation from 
the carrier can be monitored instead of the radiation intensity. 
It is possible to practice the invention using other parameters 
related to temperature that can be measured in the environment of 
the chemical vapor deposition apparatus. For example, the 

25 electrical properties of the carrier itself, or the electrical 
properties of transducers mounted to the carrier, can be monitored 
in different zones of the carrier. 

It will be apparent to those skilled in the art that various 
modifications and variations can be made to the present invention 

30 without departing from the spirit or scope of the invention- Thus, 
it is intended that the present invention cover the modifications 
and variations of this invention provided they come within the 
scope of the appended claims and their equivalents. 



35 
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CLAIMS : 

1. An apparatus for controlled heating of a siibstratie in a 
chemical vapor deposition reaction chamber comprising: 

a carrier for holding at least one substrate in the reaction 
chamber^ said carrier including a first zone and a second zone; 

first and second heating elements arranged to heat the carrier 
and the at least: one substrate, said first heating element being 
arranged to heat said first zone preferentially; 

at least: one substrate pyrometer for measuring a process 
temperature by measuring radiation from at: least one of said one or 
more subs1:rates; and 

a first carrier pyroiaeter operative to provide a first zone 
signal representing radiation from said first zone of the carrier 
and a second carrier pyrometer operative to provide a second zone 
signal representing radiation from said second zone of the carrier. 

2. The apparatus of claim 1/ further comprising a first 
comparator cozinected to said first and second carrier pyrometers, 
said first comparator being arranged to provide a first difference 
signal representing a difference between said first and second zone 
signals, and one or more controllers constructed and arranged to 
control the operation of said second heating element based at least 
in part upon said process temperature and to control 1:he operation 
of said first heating element based at least in part upon said 
first difference signal. 

3. The apparatus of claim 1^ wherein said at least one 
substrate pyrometer comprises an eraissivity compensated pyrometer 
and said carrier pyrometers comprise non-emissivity compensated 
pyrometers • 

4. The apparatus of claim 3, wherein said carrier has a 
central axis, said first and second zones being disposed at 
different radial distances from said central axis. 

5. The apparatus of claim 4, wherein said first zone is 
disposed radially inward of said second zone, said carrier also 
having a third zone disposed radially outward of said second zone, 
the apparatus further comprising a third carrier pyrometer 
operative to provide a third zone signal representing radiation 
from said third zone of the carrier, and a second con^jarator 
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connected to said second and third carrier pyrometers said second 
comparator being arranged to provide a second difference signal 
representing a difference between said second and third zone 
signals, said one or more controllers being operative to control 
5 said third heating element based at least in part on said second 
difference signal . 

6. The apparatus of claim 5, wherein said heating elements 
are radially spaced apart. 

7. The apparatus of claim 5^ further coioprising a rotational 
10 drive for rotating said carrier sibout said axis. 

8- The apparatus of claim 5^ further including a first power 
supply for supplying power to said first heating element, a second 
power supply for supplying power to said second heating element and 
a third power supply for supplying power to said third heating 
15 element, said one or more controllers being operative to control 
operation of said power supplies. 

9. The apparatus of claim 1, wherein said one or more 
controllers includes a first controller operative to control 
operation of said first heating el e ment to said first difference 

20 signal but not responsive to said process temperature, and a second 
controller operative to control said second heating element 
responsive to said process temperature but not responsive to said 
first difference signal . 

10. An apparatus for controlled heating of a substrate in a 
25 chemical vapor deposition reaction chamber comprising: 

a carrier for holding at least one substrate in the reaction 
chamber, said carrier including a first zone and a second zone; 
means for heating said carrier; 

means for measuring a process temperature by measuring the 
30 temperature of at least one of said one or more substrates; 

means for providing a first zone signal representing a 
parameter related to temperature of said first zone of the carrier 
and a second zone signal representing a parameter related to 
ten^erature of said second zone of the carrier; and 
35 means for controlling said heating means so as to maintain 

said process temperature at a target temperature based at least in 
part upon comparison of said measured process temperature with a 
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setpoint temperature and maintain temperature uniformity between 
said zones of said carrier based at least in part upon comparison 
of said zone signals. 

11. A method of controlling the tenperature of a substrate in 
5 a chemical vapor deposition apparatus comprising: 

providing a carrier for supporting said substrate ±n said 
chemical vapor deposition apparatus; 

heating said carrier and said substrate; 
measuring the temperature of said sxibstrate; 
10 obtaining indications of a parameter related to carrier 

temperature from ai: least two zones of said carrier; 

comparing said parameter indications from said at least two 
zones to obtain a difference signal; and 

adjusting heat transfer to said zones responsive to said 
15 measured temperature and said difference signal so as to maintain 
said measured temperature at a setpoint and so as to maintain said 
difference signal at a preselected level. 

12. The method of claim 11, wherein said preselected level is 
substantially equal to zero. 

20 13. The method of claim 12, wherein said at least one 

substrate has a specular surface, and said step of measuring the 
ten^erature of said substrate includes using an emissivity 
compensated pyrometer. 

14. The method of claim 13, wherein said step of obtaining 
25 said indication of said parameter includes using at least one non- 

emissivity compensated pyrometer. 

15. The method of claim 14, wherein said step of obtaining 
said indication of said parameter includes using at least two non- 
emissivity compensated pyrometers. 

30 16. The method of claim 15 wherein said carrier has a diffuse 

surface. 

17 . A method of thermally processing one or more 
semiconductor wafers in a chemical vapor deposition apparatus 
comprising: 

35 providing a carrier supporting said one or more semiconductor 

wafers in said chemical vapor deposition apparatus; 
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heating said one or more sezaiconductor wafers on said carrier 
to a target operating teirperature ; 

measuring the temperature of said semiconductor wafer using an 
emissivity compensated pyrometer; 
5 providing a difference signal related to the temperature 

difference between at least two zones on said carrier; and 

adjusting the temperature in one of the at least two zones of 
said carrier based at least in part upon said difference signal. 

18. The method of claim 17, wherein said step of providing a 
10 difference signal includes monitoring radiation from said carrier 
using one or more non-emissivity compensated pyrometers. 
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